The emergence of the unique H1N1 influenza A virus in 2009 resulted in a pandemic that has spread to over 200 countries. The constellation of molecular factors leading to the emergence of this strain is still unclear. Using a computational approach, we identified molecular determinants that may discriminate the hemagglutinin protein of the 2009 human pandemic H1N1 (pH1N1) strain from that of other H1N1 strains. As expected, positions discriminating the pH1N1 from seasonal human strains were located in or near known H1N1 antigenic sites, thus camouflaging the pH1N1 strain from immune recognition. For example, the alteration S145K (an antigenic position) was found as a characteristic of the pH1N1 strain. We also detected positions in the hemagglutinin protein differentiating classical swine viruses from pH1N1. These positions were mostly located in and around the receptor-binding pocket, possibly influencing binding affinity to the human cell. Such alterations may be liable in part for the virus's efficient infection and adaptation to humans. For instance, 133 A and 149 were identified as discriminative positions. Significantly, we showed that the substitutions R133 A K and R149K, predicted to be pH1N1 characteristics, each altered virus binding to erythrocytes and conferred virulence to A/swine/NC/18161/02 in mice, reinforcing the computational findings. Our findings provide a structural explanation for the deficient immunity of humans to the pH1N1 strain. Moreover, our analysis points to unique molecular factors that may have facilitated the emergence of this swine variant in humans, in contrast to other swine variants that failed.
The emergence of the unique H1N1 influenza A virus in 2009 resulted in a pandemic that has spread to over 200 countries. The constellation of molecular factors leading to the emergence of this strain is still unclear. Using a computational approach, we identified molecular determinants that may discriminate the hemagglutinin protein of the 2009 human pandemic H1N1 (pH1N1) strain from that of other H1N1 strains. As expected, positions discriminating the pH1N1 from seasonal human strains were located in or near known H1N1 antigenic sites, thus camouflaging the pH1N1 strain from immune recognition. For example, the alteration S145K (an antigenic position) was found as a characteristic of the pH1N1 strain. We also detected positions in the hemagglutinin protein differentiating classical swine viruses from pH1N1. These positions were mostly located in and around the receptor-binding pocket, possibly influencing binding affinity to the human cell. Such alterations may be liable in part for the virus's efficient infection and adaptation to humans. For instance, 133 A and 149 were identified as discriminative positions. Significantly, we showed that the substitutions R133 A K and R149K, predicted to be pH1N1 characteristics, each altered virus binding to erythrocytes and conferred virulence to A/swine/NC/18161/02 in mice, reinforcing the computational findings. Our findings provide a structural explanation for the deficient immunity of humans to the pH1N1 strain. Moreover, our analysis points to unique molecular factors that may have facilitated the emergence of this swine variant in humans, in contrast to other swine variants that failed.
A pandemic H1N1 (pH1N1) human influenza virus was identified in April 2009 (1) and has since spread to over 200 countries and caused over 18,000 deaths (2) . Evolutionary analysis of the pH1N1 strain indicates that its HA belongs to the classical swine lineage. HAs in this lineage are more similar to those of historical human strains such as the 1918 H1N1 strain than to those of circulating H1N1 strains from recent years (3) . Prior to the emergence of the pH1N1 strain, only sporadic cases of human infection by swine influenza viruses had been reported (4) (5) (6) (7) (8) . The molecular basis enabling this recent strain to efficiently infect and be transmitted between humans remains obscure (9) (10) (11) (12) .
Herein, we used a computational approach to uncover signature residues in the receptor-binding domain (RBD) of the pH1N1 HA protein. Using a machine-learning algorithm of alternating decision trees (ADTs) (13), we predicted positions that differentiated between HA protein sequences of the pH1N1 strain and HA sequences of other H1N1 strains. The algorithm combines moderately successful rules to produce highly accurate predictions (13) . Here the rules represent correlations between the presence of specific amino acid type(s) in selected positions and the sequence annotation, e.g., pandemic versus seasonal strain. This is done by iteratively reweighting training examples (i.e., HA sequences), thus, concentrating on the sequences that are more "difficult" to classify. We subsequently ranked each predicted position according to its discriminative potency (see SI Text S5). First, we detected the alterations distinguishing the antigenicity of the pH1N1 strain from that of prior seasonal human strains. We used all human H1N1 sequences (seasonal H1N1 and pH1N1) available in the National Center for Biotechnology Information (NCBI) database (14) and trained the classification algorithm to detect residues in the HA sequence discriminating pH1N1 from those strains. Next, we carried out the same analysis to identify molecular features that distinguish this swine-origin virus from classical swine strains. The detected positions, which were situated mainly in and around the receptorbinding pocket, may reveal why the pandemic virus was able to emerge in the human population whereas other swine viruses were unsuccessful. Notably, we experimentally validated two of our predictions: We inserted either mutation R133 A K or mutation R149K -predicted pH1N1 characteristics-into the HA of the swine strain A/swine/NC/18161/02. Each substitution altered virus binding to erythrocytes and resulted in a strain that was more virulent than the parental strain in DBA/2J mice. These results substantiate the computational method presented here.
Results
To identify signature sites we trained the ADT algorithm on the RBD of the HA sequence. We chose to focus our analysis on the RBD, because previous studies have shown that minor changes in this region can account for differences in virus transmissibility, which is a prerequisite for emergence (15, 16) . Furthermore, the H1N1 HA includes four known antigenic sites (17) in the RBD region ( Fig. 1) pH1N1 Versus Seasonal H1N1 Human Strains. We compared pH1N1 isolates with isolates from human-seasonal H1N1. We selected the 10 most discriminative positions (see SI Text S5), whose combination provided near-perfect classification accuracy of 98%, on average. Mapping these positions on the HA structure, we discovered that all residues were situated in and around known H1N1 antigenic sites (17) (Fig. 1 and Table 1 ). Specifically, five residues were located in the known Ca antigenic site, one was in direct contact with the Sb site, and four were in the vicinity of these sites. These results are in agreement with a recent study showing that the majority of antigenic differences between pH1N1 and historical strains appear in the Ca antigenic site, whereas the Sa site has remained relatively conserved (18) .
The physicochemical characteristics of many of the predicted alterations (Table 1 ) may influence the structure of the antigenic sites and consequently the antibody binding. For instance, our analysis suggests that in seasonal strains, serine appears in position 145, whereas in the pH1N1 strain lysine appears in this position. Position 145 is located in the Ca antigenic site (17) (Fig. 2) , and the substitution of serine with lysine may alter the geometry and physicochemical characteristics of the site. Interestingly, this position is located in the site that binds the sialic acid of the host receptor (Fig. 1) . As binding of the HA to the host's negatively charged sialic acid mediates viral infection, the predicted substitution to the positively charged lysine may increase affinity to the host receptor in the pH1N1 strain.
Recent studies have shown that the 2009 pH1N1 strain lacks two glycosylation sites in the RBD that are conserved in humanseasonal H1N1 strains (18, 19) . Specifically, in human-seasonal strains, threonine or serine at positions 131 and 165 introduce glycosylation sites at asparagine 129 and 163, respectively. The algorithm does not specifically account for changes that alter potential glycosylation patterns, and yet three of these four positions-129, 131, and 165-were detected as discriminative positions between pH1N1 and seasonal H1N1 human strains. However, these positions were assigned relatively low ranks (51, 42, and 50, respectively).
pH1N1 Versus Classical Swine Strains. The molecular characteristics giving rise to a human-adapted swine virus are of major interest and concern. Therefore, we looked for positions in the HA sequence separating the pH1N1 strain from previous swine strains.
We selected the 13 most discriminative positions (see SI Text S5 and Table 2 ); their combination resulted in an average of approximately 90% classification accuracy. Almost all detected positions are located in the receptor-binding pocket, suggesting that they have some role in receptor-binding efficacy.
Some of the positions were particularly interesting. Residues 131, 132, and 133 A form a structural cluster (Fig. 3 ) located in the receptor-binding pocket. These positions may have mutated simultaneously, which in turn may have affected the structural conformation of the receptor-binding pocket, ultimately influencing the host cell binding. Furthermore, this cluster is near the Sb antigenic site, and the mutations might also be involved in antigenic variation.
Residues 206 and 208 ( Fig. 3 ) are both located in antigenic site Ca and can affect antigenicity. More interestingly, these residues interact with positions 220, 221, and 229 of the receptor-binding pocket in the adjacent monomer (Fig. 4) . Therefore, mutations in residues 206 and 208 may result in a structural change to the adjacent receptor-binding pocket or influence the interaction between the monomers.
Position 186 binds the receptor directly and is in direct contact with the Sb antigenic site (Fig. 3 ). Our analysis suggests that serine in this position is a characteristic of the pH1N1 strain. Indeed, a previous study has found serine in this position to be a human H1N1 characteristic, whereas proline in this position characterizes swine strains (20) . Moreover, this position has been recently reported to affect growth in cell culture and eggs (21) . Thus, the appearance of serine in pH1N1 may be one of the characteristics leading it to become a more "human-like" virus. Additionally, residues 188 and 189 are also located in the receptorbinding pocket ( Fig. 3 ) and are both in antigenic site Sb. Mutations in these positions may affect the receptor binding and antigenicity as well.
Residues 225 and 226 both bind the host cell receptor (Fig. 3) ; therefore, alterations in these positions may induce a variation in the binding specificity to the receptor. Moreover, position 225 is already known to affect receptor-binding specificity of avian and human H1N1 viruses (22) . In pH1N1, the amino acid in this position is characteristic of the human virus (23), which may account for its efficient adaption and transmission in humans.
We note that although a small number of the positions that were highly ranked by our computational approach have been reported to affect adaptation or transmissibility in humans, the majority of the detected positions in our analysis have not been previously described. However, the strategic locations of these predicted alterations, together with their characteristics, suggest a role for these features in the emergence of pH1N1 as an effective human pathogen.
We also conducted the same analyses (i.e., pH1N1 versus seasonal and pH1N1 versus swine) on the whole HA sequence (instead of the RBD alone). Reassuringly, most of the highly ranked positions in the former analyses appeared in the full HA analyses as well (see SI Text S1 and Tables S1 and S2 ).
In addition, we were interested to see whether positions identified in our analyses were located in or around T-cell and B-cell epitopes, which would provide additional support for the role of these positions in antigenicity. However, we found that 78% of the RBD sequence is covered by one or more epitopes reported in the Immune Epitope Database (www.immuneepitope.org) (see Fig. S1 ), rendering this analysis uninformative.
Experimental Validation. In order to evaluate whether our computational findings had identified residues with phenotypic relevance, we altered an H1N1 virus with a classical swine-lineage HA, with the goal of rendering it more "pH1N1-like." The experimental methods are described in SI Text S2. Residues 133 A and 149 were detected in our analysis as discriminating between classical swine H1N1 and pH1N1 strains (Table 2) . Accordingly, we generated two single amino acid HA mutants by inserting mutation R133 A K or mutation R149K into the HA of A/swine/NC/ 18161/02, an endemic H1N1 swine virus. Both mutant viruses, rgswine/NC/18161/02-HA133 A and rg-swine/NC/18161/02-HA149, respectively, were successfully rescued. "Swine-like" pandemic reverse mutants rg-TN/560-1/09-HA133 A and rg-TN/560-1/09-HA149 were also successfully generated.
We first compared the binding specificities of A/swine/NC/ 18161/02 with those of the two HA mutants. As a surrogate measure of receptor specificity, we carried out hemagglutination assays using erythrocytes from different species. Both swine HA mutant viruses showed decreased binding to chicken, goose, guinea pig, and human (type O) erythrocytes compared with the parental strain. Pandemic viruses containing the reverse mutations (i.e., mutation to the corresponding swine virus residue) were unaltered in their erythrocyte binding patterns as compared to the parental strain (Tables S3 and S4 ). The three viruses showed similar binding to turkey erythrocytes, and none of the viruses bound to horse erythrocytes (Table S3) . Whereas horse erythrocytes contain α2-3-linked sialic acids (α2-3SAL, "avianlike" receptors) but no α2-6SAL (human-like receptors), chicken and goose erythrocytes contain more α2-3SAL than α2-6SAL, and human O, guinea pig, and turkey erythrocytes have more α2-6SAL than α2-3SAL (24, 25) . It is important to note that these erythrocyte receptor generalizations are very much oversimplifications as highlighted by the lack of difference between the three viruses in binding to turkey erythrocytes. Therefore, these find- Table 2 . Highly ranked residues that discriminate between the pH1N1 and H1N1 swine strains The amino acid suggested to characterize the pandemic H1N1 human strain. The symbol "-" indicates that no characteristic amino acid was identified. ings indicate that indeed the mutations presented here affect the binding to different erythrocytes; however, they do not point to a preference of a specific sialic acid receptor. Because HA residue 133 A is situated in the receptor-binding pocket (Table 2 and Fig. 3 ), we anticipated that it would play a role in receptor binding; thus, the differences observed between the binding of the 133 A mutant and that of the parental virus were in line with our expectations. Interestingly, mutation of residue 149 produced similar results in the hemagglutination assay, even though this residue is not located directly in the receptor-binding pocket.
We further wished to investigate the effect of these mutations on viral virulence. We used the DBA/2J mouse strain, as it has been shown to be highly susceptible to most influenza viruses (26) . To measure the lethal dose of each virus, we infected mice with either 5 × 10 1 , 5 × 10 2 , 5 × 10 3 , or 5 × 10 4 egg 50% infective dose (eID 50 ) of A/swine/NC/18161/02, rg-A/swine/NC/18161/ 02-HA133 A , or rg-A/swine/NC/18161/02-HA149. Both swine HA mutants were more virulent than their parental strain, with 50% mouse-lethal doses (MLD 50 s) of <1.5, <1.5, and 2.45 for rg-A/ swine/NC/18161/02-HA133 A , rg-A/swine/NC/18161/02-HA149, and rg-A/swine/NC/18161/02, respectively. DBA/2J mice were also infected with 10 1 , 10 2 , 10 3 , and 10 4 eID 50 of rg-TN/560-1/ 09-HA133 A , rg-TN/560-1/09-HA149 (i.e., pandemic viruses with swine virus signature mutations), and rg-A/TN/560-1/09. These swine-like pandemic mutants were less pathogenic than their parental strain with MLD 50 s of <3.4, 3.5, and 2.4 for rg-TN/560-1/ 09-HA133 A , rg-TN/560-1/09-HA149, and rg-TN/560-1/09, respectively (Table S4 ). The critical biological roles of HA positions 133 A and 149 were therefore confirmed in vivo.
Discussion
In this study we identified molecular features differentiating the HA protein of the pH1N1 from the HAs of other H1N1 strains. We detected alterations in amino acid positions in the receptorbinding pocket and antigenic sites of the pH1N1 HA that could be responsible in part for the successful transmission of the virus into humans. Moreover, we experimentally confirmed that two of the highly ranked positions indeed had a phenotypic effect in vivo.
Comparison of aligned sequences of viruses from various sources as a means to detect altered positions is a commonly used approach to guide experimental studies (e.g., refs. 10 and 23). A thorough investigation of all the thousands of available HA sequences would be desirable. As manual inspection of this volume of data is virtually impossible; it is necessary to use computational methods. Entropy (mutual-information)-based methods that use the amino acid frequency in each position are commonly used to this effect (27) (28) (29) . These methods consider each position in the alignment separately, disregarding the possible relations between the sequence positions. Allen et al. (30) used a classification algorithm that did take such relations into account. They used it to detect host-specific alterations in the influenza A proteins, but none of the positions they detected were in the HA, the main protein responsible for the host cell binding. Our approach is similar to theirs in that it also takes into account the relations between the sequence positions. It selects a set of positions whose combination provides optimal discrimination between two groups (e.g., pH1N1 and swine-H1N1 sequences). For comparison we analyzed the same datasets using a mutual-information-based method (29) . Reassuringly, the majority of the highly ranked positions presented here were also obtained in that analysis (SI Text S3 and Tables S5 and S6 ). The mutual-information method identified 49 positions distinguishing between the humanseasonal H1N1 and the pH1N1 dataset, and our methodology showed that 10 residues were sufficient to provide a very high classification accuracy of 98%. Eight of the residues we identified were also identified in the mutual-information analysis. For the swine H1N1 and pH1N1 dataset, the mutual-information analysis produced 14 discriminative amino acid positions, whereas our method produced 13, 6 of which were predicted by both methods. Intriguingly, position 133 A , which our method highlighted, and whose subsequent substitution in an H1N1 virus led to a phenotypic effect (see Results), did not come up in the mutual-information analysis.
Recently, probabilistic approaches that explicitly take into account the phylogenetic relations between the taxa were used to identify host, clade, and drug-resistance signature residues in the various influenza proteins (31) (32) (33) . This approach may solve problems caused due to uneven sampling in sequence space. However, because of the large quantity of available HA sequences and their high similarity, we do not believe that uneven sampling poses a major concern in our case. With these data we obtained an average accuracy of 90% for the discrimination of swine versus pH1N1 sequences (using only the 13 highly ranked positions), which is very high given the low diversification within the swine and pH1N1 groups and the relatively close evolutionary relationship between pH1N1 and other swine strains. The analy- Fig. 1 A and B) . The Sa antigenic site is in pink, Sb site in blue, Ca site in green, and the Cb antigenic site in orange. The identified specificity determinants that overlap with H1N1 antigenic sites are shown using a dark variant of the site color (e.g., a position identified in Ca is colored in dark green, whereas the rest of the site is in pale green). Predictions that do not overlap with a known antigenic site are in dark red. sis of sequence datasets with more distant evolutionary relationships, such as human seasonal versus pH1N1 (see Results) and human seasonal versus swine, resulted in even better accuracy of 98% (SI Text S4).
An obvious concern regarding our approach would be that because antigenic sites evolve rapidly (5), they are prone to be detected by the algorithm. We therefore examined the correlation between the variability of selected positions and their discriminative rank (see Fig. S2 ). Reassuringly, we found a very weak negative correlation (r ¼ −0.26; p ¼ 0.04). Thus, the positions detected here were identified based on their discriminative power and not their variability.
Another caveat to our approach relates to the low diversity in the HA sequences of the pH1N1 strain, which results from the fact that the unique influenza strain has been circulating in the human population for a relatively short time, probably insufficient to mutate and substantially diverge. Presumably, some of the unique amino acid characteristics this virus acquired are not crucial for its functionality, but are merely founder effects, i.e., mutations that were randomly "fixed" during the transition to humans and have not mutated because they are not yet under antigenic pressure (32) . Indeed, over time, some of these positions will diverge and may prove to be functionally insignificant, but others might provide a supportive genetic background for other functionally important mutations (31, 34) . Bearing in mind these difficulties, it is encouraging that essentially all the positions identified in our analysis were located in functionally important regions.
We studied two different, albeit related, questions. First, we sought the distinctive properties of pH1N1 in comparison with prior human H1N1 strains. Vaccines for seasonal influenza strains induced little or no neutralizing antibody response to pH1N1 among children and adults under 64 y of age (35), thus indicating that the antigenic properties of pH1N1 differ from those of previous seasonal strains. Indeed, our analysis showed that all positions detected as discriminating between the pandemic and seasonal human strains are located in and around the known H1N1 antigenic sites. Considering that many of the characteristic substitutions of the pH1N1 viruses substantially affected the physicochemical nature of the amino acids in these positions (Table 1) , these alterations could have resulted in variation of the stereochemistry of the antibody-binding sites. Thus, a host immune to either the swine or human virus lineages might not be able to recognize the pH1N1 virus, a phenomenon known as "antigenic drift" (36) .
Second, we studied the molecular adaptations that enabled the virus to emerge in humans. The efficient adaptation and vast transmission of the swine-origin virus, pH1N1, into the human population has caused substantial concern. Prior to this pandemic, only isolated cases of infection by a swine virus had been seen in humans (4) (5) (6) (7) (8) , and limited human-to-human transmission had been documented. Although the impact of this pandemic has been mild in terms of overall mortality, discerning the molecular factors enabling this virus's success is crucial for future detection of potential pandemic threats. To this end, we identified positions in the HA protein sequence separating pH1N1 from classical swine strains. Our study revealed residues in the receptor-binding pocket that may have altered binding to the host cell receptor.
Swine hosts were shown to be susceptible to infection by both avian and human influenza viruses (37) , owing to the presence of both avian and human receptors in the pig trachea (38) . Therefore, reassortment between avian and human viruses may occur upon coinfection (39) . Alternatively, viruses with preferential binding specificity to avian receptors may mutate (as a result of the human receptors' presence in the pig trachea) and eventually acquire the ability to efficiently bind the human receptor. Indeed, our analysis showed that the residues detected as discriminating between the swine and pH1N1 strains are located at a mean distance of 10.2 Å from the receptor, and the residues discriminating between the human-seasonal and pH1N1 strains are located at a mean distance of 19.4 Å from the receptor. An independent t test with a confidence level of 0.95 showed that the difference between these means was indeed significant (p ¼ 0.04). These results emphasize and support the probable role of the former identified positions in increasing binding to the human host. Therefore, these sites may represent milestones in the adaptation of the swine virus to humans. In this context it is noteworthy that four residues appeared in both analyses (residues 132, 171, 206, and 225, Fig. 5) .
We validated the significance of residues 133 A and 149, identified in our analysis. A hemagglutination assay showed that the introduction of mutation R133 A K or of mutation R149K into the HA of A/swine/NC/18161/02 viruses had the effect of decreasing binding to chicken, goose, guinea pig, and human (type O) erythrocytes as compared with the parental strain (Table S3) . Furthermore, we compared the pathogenesis of our two swine and two pandemic mutants with that of their parental strain in the DBA/2J mouse model. Both mutants were more virulent than their parental strain, whereas the mutated pandemic strains were less. Furthermore, two mutants were successfully generated for positions 171 and 132 (ranks 2 and 4) but did not alter erythrocyte binding patterns or pathogenicity in mice (Table S4 ). The consequences of such mutations in the human host, however, are still unclear, and further studies are needed to better address the question. Nevertheless the fact that such mild substitutions (i.e., lysine to arginine) caused significant phenotypic effects confirm the biological significance of HA positions 133 A and 149 and validate the computational method presented here.
After this paper was submitted for publication, Ye et al. reported that the insertion of mutations D131E and S186P into the pandemic strain A/California/04/ 09/(H1N1) increased the virus's pathogenicity in BALB/c mice (40) . Indeed, our analysis detected these positions as discriminating between swine H1N1 and pH1N1 (Table 2) , and D131 and S186 were identified as characteristic of the pandemic strain. Interestingly, the amino acids we predicted to be swine H1N1 characteristics (131E and 186P) were shown to generate the pathogenic strain studied by Ye et al. (40) . An additional study published after the submission of this paper (41) disclosed two positions in the HA, namely, 200 and 227, as affecting receptor binding of the pandemic strain. Residue 200 is indeed a highly ranked position in our study (Table 2) , and 227 was detected by our algorithm, albeit with a lower rank. It is evident that residues discriminating between swine and pH1N1 strains are mostly around the receptor-binding pocket.
We suggest that the basis for the difference in antigenicity between the pH1N1 and seasonal human H1N1 strains is associated with the detected sites presented in our study. We suggest signature sites in the HA protein that may enable the efficient host cell binding, infection, and transmission of the strain in the human population. Bearing in mind that HA is the main antigen on the viral surface and is responsible for the first step in the viral infection (42) , our study is a significant step toward providing testable predictions for positions that may contribute to the elusiveness of this previously undescribed viral strain.
Computational Methods
An elaborate description of the methodology is provided in SI Text S5. Briefly, H1N1 HA sequences from swine and human hosts were collected from the NCBI Influenza Database (14) . Duplicate sequences and partial sequences (less than 80% of full length) were removed from the data. We aligned sequences using the MUSCLE program (43) and visually inspected alignments to verify their quality. The main analysis was limited to the RBD (positions 114-268, H3 numbering) (44) . Two datasets were created from these sequences: pH1N1 sequences versus prior circulating human strains, and pH1N1 sequences versus classical swine strains. The first dataset consisted of 706 pH1N1 sequences and 852 prior circulating human strains, excluding the 1918 historical strain. The second dataset consisted of 245 swine sequences and 782 pH1N1 sequences. In each dataset, sequences were labeled according to the group they belonged to ("pH1N1," "swine," or "human circulating" strains).
We used JBoost (http://jboost.sourceforge.net/) and the above datasets to identify positions in HA that distinguish pH1N1 isolates from human circulating H1N1 isolates, as well as positions that distinguish pH1N1 from swine H1N1 isolates (Fig. S3) .
